Testicular cancer (TC) is the most common solid tumour in white males aged 20-34 years, and its incidence has doubled over the past 40 years. Some risk factors for TC have been proposed, such as cryptorchidism, infertility and testicular dysgenesis. However, the causes of TC remain still largely unknown. Recently a genetic basis for TC has been proposed, but specific genetic alterations have not been identified. The risk of TC is markedly increased in subjects with androgen insensitivity and some authors have suggested that mutations in the androgen receptor (AR) gene or disorders of CAG and GGC repeats could be related to TC. However, definitive data have not been produced. In this study, we analysed the AR gene for mutations and CAG and GGC triplets in exon 1 in 123 patients affected by TC. In three patients (2.3%) we found a mutation in the AR gene, two of which represent a novel mutation. Evaluation of CAG and GGC repeat numbers showed no difference with respect to controls when these variables were analysed separately. However, when joint distributions of CAG and GGC were considered, we found that the combination CAG=20/ GGC=17 was significantly more frequent in TC patients (8.1%) with respect to controls (1.7%, P<0.05). Furthermore, we observed that in TC subjects, differently from controls, the joint analysis of CAG and GGC showed a statistically significant dependence among these variable repeats. In conclusion, our data show for the first time a high prevalence of AR gene mutations in patients affected by TC and suggest that some CAG/GGC combinations might be more frequently associated with an increased risk of TC.
Introduction
Testicular cancer (TC) is the most common solid tumour in white males between 20 and 34 years (Møller 1993 , Huyghe et al. 2003 , Patel et al. 2003 . About 95% of all TCs are represented by germ cell tumours (GCTs) and seminoma accounts for approximately 50% of all GCTs (Bosl & Motzer 1997) . The incidence of TC varies according to geographical area, with a major incidence in the north of Europe and New Zealand (Adami et al. 1994 , Bosl & Motzer 1997 , Toppari et al. 2002 , Hemminki & Li 2004 . The worldwide incidence of TC has more than doubled over the past 40 years (Devesa 1995 , Bosl et al. 1997 , Huyge et al. 2004 .
Some risk factors for TC have been proposed, but the causes of TC remain still largely unknown. To date, other than cryptorchidism, few risk factors have been clearly demonstrated for TC (Chilvers et al. 1986 , Giwercman 1992 . About 7-10% of patients, who develop TC, report a history of undescended testis (Shottenfeld et al. 1980 , Farrer et al. 1985 , Whitaker 1988 , with an increased relative risk of TC for excryptorchid men. Interestingly, this risk is not confined to the cryptorchid testis but also to the contralateral normally descended testis (Berthelsen et al. 1982 , Pottern et al. 1985 .
Recently, an association between TC and male infertility has been proposed (Berthelsen & Skakkebaek 1983 , Giwercman et al. 1989 , Prener et al. 1996 , Arai et al. 1997 , Herr et al. 1998 , Jacobsen et al. 2000 , Rørth et al. 2000 and common aetiological factors have been suggested. Increasing adverse factors in male reproductive health as reduced sperm quality, TC, undescended testis and hypospadias might be symptoms of one underlying entity named testicular dysgenesis syndrome (TDS) (Møller & Skakkebaek 1999 , Skakkebaek et al. 2001 , Aitken & Sawyer 2003 , Bolsen et al. 2004 . The aetiology of TDS is supposed to be related either to environmental factors, so-called endocrine disrupters (Weir et al. 2000 , Huyge et al. 2004 , and chemical toxicants (Toppari & Skakkebaek 1998 , Guo et al. 2000 or to genetic factors (Rapley et al. 2000 , Hemminki & Li 2004 , including genetic susceptibility to endocrine disruption (Skakkebaek et al. 2003) . TDS is supposed to arise during early foetal development when male reproductive tract formation, germ cell proliferation and Sertoli and Leydig cell differentiation occur (Yasuda et al. 1985 , Sharpe & Skakkebaek 1993 , Skakkebaek et al. 2001 . According to this hypothesis, different degrees of TDS would be possible, the most severe cases including all the components, i.e. hypospadias, undescended testis, TC and spermatogenic impairment.
Anomalies in the androgen receptor (AR) gene could theoretically be a good candidate responsible for TDS. In fact, mutations in the AR gene cause different forms of androgen insensitivity leading to variable malformations, including micropenis, hypospadia, cryptorchidism and spermatogenic impairment (Brinkmann 2001 , Sultan et al. 2001 . Furthermore, this gene is essential for the development and maintenance of the male phenotype and spermatogenesis, and the androgen insensitivity syndrome (AIS) is a well recognized risk factor for TC (Savage & Lowe 1990) . However, androgen insensitivity signs and mutations in the AR gene are not frequently reported in patients affected by TC.
The AR gene has two polymorphic sites in exon 1, characterized by different numbers of CAG and GGC repeats resulting in variable lengths of polyglutamine and polyglycine stretches in the N-terminal region of the AR protein. Longer CAG repeats result in a reduced AR transcriptional activity (Chamberlain et al. 1994 , Choong et al. 1996 , and there is evidence that an inverse correlation between CAG number and androgenicity exists. In fact, expansion of the CAG repeat tract to > 40 results in Kennedy syndrome, a rare motor neuron disorder which is also characterized by low masculinization, testicular atrophy, reduced sperm production and infertility (Brooks & Fischbeck 1995 , Kazemi-Esfarjani et al. 1995 . On the other hand, shorter AR polyglutamine tracts have been associated with increased prostate cancer risk (Giovannucci et al. 1997 , Hakimi et al. 1997 , Ingles et al. 1997 , Stanford et al. 1997 , Kantoff et al. 1998 , Platz et al. 1998 , Hsing et al. 2000 , Ding et al. 2004 , but this is still a controversial matter. Epidemiological studies suggest that CAG length may also play a role in TC. AfroAmericans have shorter CAG repeats than Caucasians (Irvine et al. 1994 , Kittles et al. 2001 , Lundin et al. 2003 , and this trend parallels the low risk of TC in the former group (Shottenfeld et al. 1980) . However, only two reports have analysed the possible association between CAG length and TC, with contrasting data (Rajpert-De Meyts et al. 2002 , Giwercman et al. 2004 . Furthermore, the functional consequences of variations in the GGC repeats are even less clear, and the joint distribution of CAG and GGC lengths in TC has never been analysed. This is particularly important because in a previous study (Ferlin et al. 2004a) , we found that some combinations of CAG and GGC triplets were significantly associated with an increased risk of spermatogenic impairment.
To clarify these aspects, in this study, we analysed AR gene mutations and CAG and GGC repeats in men affected by different types of TC, and who consulted our Centre for semen cryopreservation after orchiectomy and before chemotherapy or radiotherapy.
Materials and methods

Subjects
Patients and controls were prospectively recruited for this study with the approval of the Hospital Ethical Committee and informed consent was obtained from each subject after full explanation of the purpose and nature of all procedures used.
We evaluated 123 consecutive subjects (mean age 29.3t7.1 years) orchiectomized for TC, who consulted our Centre for sperm cryobanking before initiating chemo-or radiotheraphy. All patients had a tumour in stage I at the time of our evaluation. A complete medical history and physical examination were undertaken. Two patients affected by seminoma had a familial history of TC. In the first the father and in the latter case a brother had a positive history of seminoma. Karyotype analysis and Y chromosome microdeletion analysis (Foresta et al. 1997 , Ferlin et al. 2003 , 2004b were performed in all subjects to exclude other potential causes of testicular damage.
Among 300 fertile controls analysed for AR mutations we selected as controls 115 age-matched (28.8t6.3) men who also had the determination of CAG and GGC repeats performed. These subjects were chosen on the basis of normozoospermia (World Health Organisation 1999) and absence of previous or familiar history of TC and served as controls. All patients and controls were of Caucasian origin and came from different Italian regions.
AR gene mutation analysis and determination of the CAG and GGC repeat number AR gene mutation analysis and determination of the CAG and GGC repeat number were performed as previously described (Ferlin et al. 2004a) . Genomic DNA was extracted from peripheral blood leukocytes using a DNA isolation kit (Roche). AR gene mutations were evaluated by PCR and direct sequencing, using a set of 11 oligonucleotide primers covering exons 1-8 (Lubahn et al. 1989) . DNA samples isolated from testicular tumours to perform somatic AR mutation analyses were not available.
The number of CAG and GGC triplets was determined as follows: the AR exon 1 was amplified from genomic DNA in two different PCR reactions, giving overlapping amplicons. Both reactions are performed under the same conditions (standard conditions with 8% dimethylsulphoxide) and with the same cycle (94 xC for 1 min, 58x for 1 min, 72 xC for 1 min, repeated 37 times). The CAG repeat is contained in the amplicon produced with primers A0 GTGGTTGC-TCCCGCAAGTTTCC and A5 GCTCCCACTTCCT-CCAAGGACAATTA. It is sequenced with the primer A2 GCTGTGAAGGTTGCTGTTCCTC, using standard conditions for automated sequencing. The GGC repeat is amplified with primers A3n CAGCAAGA-GACTAGCCCCAG and A10 CCAGAACACAGA-GTGACTCTGCC, and it is sequenced with primer A8 GGACTGGGATAGGGCACTCTGCTCAACC. Primers A2, A5, A8 and A10 are from Lubahn et al. (1989) , whereas we designed the new primers A0 and A3n (Ferlin et al. 2004a) . Sequence analyses were performed by using the gap4 software of the Staden package (Staden 1996) available at the UK Human Genome Mapping Project webpage (http://hgmp. mrc.ac.uk/).
Statistical analysis
Differences in CAG and GGC mean repeat length among groups were tested by the Wilcoxon's rank sum test. Differences among frequencies were calculated with a c 2 -test and Fisher's exact test. Fisher's exact test was used to analyse independence in the three two-way contingency tables. Adjusted residuals for the different haplotypes were computed to investigate in which way they depart from independence and differ from those of the control group. Relative risks and the corresponding 95% confidence intervals were calculated on the basis of the asymptotic normal distribution of these quantities. P<0.05 was considered statistically significant. A Bonferroni test was performed to correct for multiple comparisons. Computations were performed by using the open-source statistical software 'R'.
Results
None of the patients had clinical features, by history or clinical evaluation, of androgen resistance or neurological symptoms.
All 123 patients had a stage I TC and Table 1 reports their histotypes. Of the 123, totally 18 (14.6%) were excryptorchid subjects, and Table 2 reports the different histotypes and the side of TC and cryptorchidism in these patients. No other significant pathologies were found at history and physical examination.
Karyotype and Y chromosome microdeletion analysis were normal in all subjects.
Three out of 123 patients (2.4%) had mutations in the AR gene. One of them is an already reported mutation (www.androgendb.mcgill.ca) caused by a C to T transition in exon 1 leading to a proline to serine substitution in amino acid 390 (P390S). The same mutation was previously reported in two men affected by mild AIS with severe oligozoospermia. The other two are novel mutations. One is a trinucleotide deletion (CTG) in exon 1 leading to deletion of leucine in position 57 (Del L57), whereas the other is a G to A transition in exon 1 leading to an alanine to threonine substitution in amino acid 297 (A297T). All three patients had seminoma and did not have a history of cryptorchidism. None of 300 fertile subjects including our control group (115 subjects) had AR mutations. Table 3 shows the mean number of CAG and GGC repeats in exon 1 of the AR gene in TC patients (22.3t3.4, range 11-31 and 17.2t1.4, range 10-20 respectively) and in proven fertile control men (21.6t3.3, range 9-31 and 17.0t1.7, range 8-21). These differences were not statistically significant. There was also no difference when the median value of CAG and GGC numbers were compared. The subgrouping of TC patients by a positive or negative previous history of cryptorchidism also showed no differences in terms of mean and median values of CAG and GGC repeat number with respect to controls (Table 3 ). The distribution of CAG (Fig. 1a) and GGC (Fig. 1b) allele frequencies was not different between TC patients and control subjects. To explore the possibility that AR sensitivity could be determined by the total number of CAG and GGC repeats, we calculated the sum of triplets in each subject (CAG+GGC). This number was not different between controls and patients (data not shown). We also analysed whether TC men may have longer CAG repeats (Giwercman et al. 2004 ) by comparing the proportion of men with > 23, > 24, > 25, > 26 and > 27 repeats. In this case, we also found no differences between patients and controls as well as between the different TC histotypes (data not shown). The same analysis was performed for GGC repeats (> 18, > 19 and > 20) and no difference was found (data not shown). All these analyses to find a possible correlation of TC with either CAG and GGC repeats were also performed distinguishing GCTs and non-GCTs. This partition did not allow us to discern any statistically significant difference among the two groups, but these data cannot be conclusive because of the small number of the latter group.
Then we considered the joint distribution of CAG and GGC. For this analysis the data were collected in two-way tables (Tables 4-6) reporting frequencies for each CAG/GGC haplotype. As a first step we analysed the association of the two variables. This analysis was performed by applying Fisher's exact test for independence in the three two-way tables corresponding to the 115 control (P=0.3) (Table 4) , 123 TC (P=0.01) ( Table 5 ) and 105 non-cryptorchid TC (P=0.01) (Table 6 ) patients respectively. This finding highlights a difference between control and TC patients both with and without cryptorchidism. More specifically, in the former group the hypothesis of dependence between CAG and GGC is rejectable, whereas in the latter groups this hypothesis is statistically significant. Consequently, it is of interest to investigate in which way the data for the TC groups depart from independence, because this will also indicate in which way the behaviour of pathological patients differs from that of the control group. We have thus computed the adjusted residual for every cell of Tables 4-6 (Agresti & Finlay 1997). For every cell, the adjusted residual is positive when the observed frequency exceeds the value expected under independence, and negative otherwise. Furthermore, under independence every adjusted No statistically significant (P<0.05) differences were observed. residual follows a standard normal distribution, so that a value of the adjusted residual exceeding t3 provides strong evidence against independence in that cell. In both TC and non-cryptorchid TC groups to the cell CAG<19/GGC=17 corresponds an adjusted residual smaller than -3, providing evidence that the observed number of patients is smaller than the expected number in this cell. On the other hand, to the cell P values with respect to that found in control patients are reported in Table 7 . P values with respect to that found in TC patients with and without cryptorchidism are reported in Table 7 . P values with respect to that found in control patients are reported in Table 7 .
CAG<19/GGC=18 corresponds an adjusted residual larger than 3, providing strong evidence that for this cell the observed number of patients is larger than the expected. The above analysis was carried out considering the three two-way tables separately. A direct comparison based on the relative risks showed that there is a difference between controls (Table 4) and TC patients (Table 5) concerning the cell CAG=20/ GGG=17 (prevalence of 8.1% in TC men vs 1.7% in controls, P<0.05), and this difference was also present when considering patients without previous history of cryptorchidism with a prevalence of 9.5% and P<0.01 vs controls (Table 6 ). The calculated relative risks and the corresponding confidence intervals of these haplotypes are shown in Table 7 . However, no relative risk was statistically significant when the Bonferroni correction (a restrictive correction for multiple test) was applied. Furthermore, when the same analyses about different haplotypes were performed excluding non-GCTs, we had the same results both in terms of statistically significant dependence among CAG and GGC and in terms of relative risk for the haplotype CAG20/GGC17. It is noteworthy that these analyses did not show any significant dependence or relative risk when considering only non-GCTs, although the number of these cases is very small (seven patients).
Finally, in this paper we could not analyse the correlation between the presence of metastases and CAG or GGC repeat length (as reported by Giwercman et al. 2004) because our patients were all in stage I at the time of the evaluation.
Discussion
Although in the past decades much progress in TC treatment has been made, little is known about the causes of this tumour. Some authors, on the basis of genome-wide screening from a large number of families with at least two cases of TC, have suggested the presence of a testicular GCT (TGCT) susceptibility gene that might also predispose to cryptorchidism (Rapley et al. 2000) . They provided evidence for a TGCT predisposition locus on chromosome Xq27 (TGCT1); however, this putative gene has yet to be identified and probably other TGCT putative genes exist. Recently, other suggestions of a genetic basis for TC (Chemes et al. 2003 , Skakkebaek et al. 2003 have been made; however, specific genetic alterations including genetic susceptibility to endocrine disruption are still unknown. Although definitive proof is still lacking, it is generally assumed that the development of TC is under endocrine control (Rajpert-De Meyts et al. 1993) . In particular, alterations in the pituitary-testicular hormonal axis and/or alterations in gonadotrophin and sex steroid action, are believed to be involved in the development of this tumour and in the progression from the pre-invasive carcinoma in situ stage to invasive tumour (Skakkebaek et al. 1987 , Rajpert-De Meyts et al. 1993 . This is supposed by clinical observations showing a main peak of TC incidence early after puberty (Prener & Østerlind 1985) . Possible hormonal candidates responsible for such tumour development are luteinizing hormone (LH), androgens and oestrogens. Probably, a combination of high LH levels, high intratesticular androgen levels coupled with lower androgen activity, and high oestradiol levels are necessary for TC development and progression. This hypothesis fits well with the observation that subjects with AIS due to mutations in the AR gene are at high risk of developing TC (Mu¨ller 1987) . On the contrary, subjects with Kallmann's syndrome having hypogonadotrophic hypogonadism never develop TC. In fact, patients with AIS present high levels of androgens, LH and oestrogens together with reduced intratesticular androgen function, whereas Kallmann's patients have low levels of LH, androgens and oestradiol. Alterations in the AR gene also frequently result in other signs of the so-called TDS, such as cryptorchidism or spermatogenesis impairment. Hence, sex hormones may play a crucial role in the development of TC (Giwercman et al. 2004) , thus justifying the higher risk in subjects with AIS (Savage & Lowe 1990 . On this basis some authors suggested a possible specific relationship between mutations in the AR gene and TC development (Sakai et al. 2000 , Rajpert-De Meyts et al. 2002 . Furthermore, the possible association of CAG ad GGC repeat lengths with TC has also been analysed (Rajpert-De Meyts , Giwercman et al. 2004 , on the basis that expansion of these triplets caused a reduction in the functional activity of the AR. However, these two studies produced contrasting data, probably as a result of different patient selection criteria and/or differences in CAG/GGC numbers due to ethnicity (i.e. Danish vs Sweden).
In this study, we analysed AR gene mutations and CAG and GGC triplets in a large group of Italian patients affected by TC. We found a high prevalence of AR gene mutations (3 out of 123, 2.4%). One of these (P390S) was an already reported mutation (Hiort et al. 2000) found in two men affected by severe oligozoospermia. This mutation is located within a region of the AR that is important for transcriptional activity (exon 1). The importance of this amino acid residue is also highlighted by the finding of two cases of Pro390Leu affected by prostate cancer and one case of Pro390Asp affected by complete AIS (www. androgendb.mcgill.ca). The other two were novel mutations. The first was a trinucleotide deletion (CTG) in exon 1 leading to deletion of leucine in position 57 (Del L57). This amino acid is located just before the polyglutamine tract and belongs to a stretch of four leucines. The deletion of one of them may probably change the conformation of this domain, thus resulting in lower receptor activity. Supporting this hypothesis, a leucine to glutamine substitution in this codon has been associated with prostate cancer, a 30 nucleotide deletion involving this region has been associated with laryngeal cancer, and the insertion of an extra leucine at codon 58 was reported in two oligozoospermic men. The third mutation leads to an alanine to threonine substitution in amino acid 297 (A297T). Again, this mutation is located in the transactivation domain of the AR (exon 1). Even if mutations in this codon have never been reported and a direct causative effect cannot be drawn, the absence of the same mutation in more than 300 fertile control subjects evaluated for AR mutations, suggests a specific association with TC. All mutated patients had seminoma (3 out of 81, 3.7%) and did not have a history of cryptorchidism.
When evaluating CAG and GGC triplets we found that there is no difference with respect to control subjects when these variables are analysed separately both in GCTs and in non-GCTs. However, when joint distributions of CAG and GGC were analysed, we found significant differences. In fact, we observed that in TC subjects, differently from controls, the joint analysis of CAG and GGC showed a statistically significant dependence among these variable repeats. Furthermore, TC patients more frequently had the combination CAG=20/GGC=17 and when subjects with a previous history of cryptorchidism were not considered the prevalence of this combination was even more evident. The same results were unchanged also when analysing GCTs alone, which are usually considered to have a natural history very different from non-GCTs. On the contrary, considering only non-GCTs the analysis of the different CAG/GGC haplotypes did not show any significant difference, but we have to consider the poor number of these patients. However, we cannot completely exclude a chance association given the high number of statistical tests necessary in these cases.
Overall, the present study reports for the first time a high prevalence of AR gene mutations in young patients affected by TC, in particular seminoma. Furthermore, we did not find differences in CAG and GGC numbers between controls and TC patients in Italy. Our data confirm the absence of an association between CAG length and TC in Sweden (Rajpert DeMeyts et al. 2002) , and we have no evidence of a relationship between this triplet both vs TC histotypes (as reported by Giwercman et al. 2004 ) and both vs GCTs or non-GCTs. Furthermore, we agree with the latter paper that suggested no relationship between GGC triplet length and TC. Another important finding is that CAG and GGC repeats are not independent in TC patients and the haplotype CAG=20/GGC=17 seems more frequently associated with TC in patients both with and without previous cryptorchidism. In fact, the relative risk results increased when considering all affected patients, and this risk is still present and seems even higher in patients without a predisposing factor for TC as cryptorchidism.
At this time, the association between CAG/GGC haplotypes and some clinical phenotypes such as infertility has been postulated (Ferlin et al. 2004a ), but the mechanism by which they might cause TC are still unknown. We can suppose that different CAG/ GGC combinations may modulate AR function, and that some haplotypes could determine an alteration in the trascriptional activity of the receptor. These findings cannot be conclusive, but nonetheless agree with another report on the association of CAG and GGC length and oesophageal cancer (Dietzsch et al. 2003) .
In conclusion, our data indicate a significant prevalence of AR gene mutations in TC patients and thus it is possible to hypothesize a higher risk of TC in men with AR mutations. Furthermore, this study suggests that some particular CAG and GGC haplotypes might be more frequently associated with TC.
